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ABS TRACT 

A FORTRAN program i s  presented which uses  t h e  a l t e r n a t i n g  d i r e c t i o n  

i m p l i c i t  method of two-dimensional numerical  i n t e g r a t i o n  f o r  the c a l c u -  

l a t i o n  o f  t h e  time-dependent temperature  d i s t r i b u t i o n  over  a p l ana r  t h i n  

p l a t e  having an a r b i t r a r y  d i s t r i b u t i o n  o f  conduct ive ,  convec t ive ,  and 

r a d i o a c t i v e  p r o p e r t i e s  and boundary c o n d i t i o n s .  The program i s  app l i ed  

t o  t h e  f i l m  mount of  t h e  ARCASONDE 1A meteoro log ica l  rocke tsonde  tempera- 

t u r e  sensor .  Observa t ions  a r e  made r e l a t i v e  t o  t h e  f i l m  performance 

a t  60 and 70 km a l t i t u d e ,  p a r t i c u l a r l y  concern ing  conduct ive  i s c l a t i o n  

from suppor t  p o s t s ,  speed of response,  s u s c e p t i b i l i t y  t o  r a d i a t i o n ,  and 

t h e  h e a t  conduct ion from a t t ached  thermis tor  and sonde wires. 
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I. INTRODUCTION 

Films a r e  ga in ing  cons ide rab le  a t t e n t i o n  a s  s e n s o r s  f o r  a tmospher ic  

thermometry i n  t h e  mesosphere because of t h e i r  i n h e r e n t  speed. 

pose o f  t h e  p r e s e n t  d i s c u s s i o n  is t o  d e s c r i b e  a means of i n v e s t i g a t i n g  

t h e  two-dimensional, t ime-varying temperature d i s t r i b u t i o n  i n  a f i l m  

w i t h  a nonuniform p a t t e r n  of thermal p r o p e r t i e s ,  boundar i e s ,  and sources ,  

i n  a r a d i a t i o n  environment wi th  r a r e f i e d  a i r f l o w .  

The pur- 

F igure  1.1 i l l u s t r a t e s  a t y p i c a l  p l ana r  t h i n  s u b s t r a t e  type  

t h e r m i s t o r  s enso r .  The t h i n  f i l m  the rmis to r  i s  d e p o s i t e d o n  a smal l  

a r e a  o f  t h e  t h i n  s u b s t r a t e  and t h e  s u b s t r a t e  i s  suppor ted  by t h e  frame. 

E l e c t r i c a l  conduct ion  t o  t h e  the rmis to r  f i l m  i s  made through e l e c t r i c a l l y  

conduc t ive  t h i n  f i l m  l e a d s  a l s o  deposited on t h e  s u b s t r a t e .  

The e l e c t r i c a l  r e s i s t a n c e  of t h e  the rmis to r  f i l m  v a r i e s  accord ing  

t o  tempera ture .  S ince  t h e  the rmis to r  tempera ture  i s  monitored by a n  

e l e c t r i c  c u r r e n t ,  ohmic h e a t i n g  occurs  i n  t h e  s e n s i t i v e  f i lm .  Some 

senso r  des igns  use  depos i t ed  r eg ions  of t he rma l ly  conduct ive  m a t e r i a l  

nea r  t h e  t h e r m i s t o r  f i l m  t o  d i s s i p a t e  t h i s  e l e c t r i c  h e a t .  

I n  a d d i t i o n  t o  t h e  a n a l y s i s  of f u t u r e  f i lm- type  s e n s o r s ,  t h i s  means 

of  i n v e s t i g a t i o n  i s  a p p l i c a b l e  t o  the film-mounted t h e r m i s t o r  bead sensor  

i n  common use  today .  The f i l m  i n  these  s e n s o r s  p r e s e n t s  a h e a t  sou rce  

o r  s i n k  a t  t h e  ends of t h e  thermis tor  w i r e s ,  depending on t h e  thermal 

behavior  of t h e  f i l m  i n  t h e  environment. The f i l m  i n  t h i s  c a s e  may 

i n c l u d e  t h e  s o l d e r  o r  o t h e r  m a t e r i a l s  c o n s t i t u t i n g  the  w i r e - f i l m  j u n c t i o n .  

The h e a t  f low between w i r e  and f i l m  may be r e p r e s e n t e d  a s  a source  o r  s i n k .  
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The computer program discussed  below, h e r e a f t e r  c a l l e d  t h e  

" i n t e g r a t o r ,  ' I  computes the  t ime-varying two-dimensional tempera ture  

d i s t r i b u t i o n  T ( x , y , t )  over  the bounded p lane  of such f i l m s .  

Supporting 
fromo 

Attochod to 0 porochuto I 
Instrumontotion pockogo 

Thormirtor ronror 

Fig .  1.1. Typica l  p l ana r  t h i n  s u b s t r a t e  t he rmis to r  s enso r .  

- 2 -  



11. HEAT EQUATION 

The f l a t  p l a t e  under c o n s i d e r a t i o n  i s  s u f f i c i e n t l y  t h i n  t h a t  

t h e  tempera ture  between i t s  f a c e s  can be  cons ide red  uniform. I n  t h i s  

ca se ,  t h e  h e a t  i n p u t  r a t e  t o  a small volume element v i s  

aT - (conduction inpu t )  + (convec t ion  i n p u t )  (Pcv) i j  at - i j  i j  

+ ( r a d i a t i o n  i n p u t )  + ( h e a t  sou rce  i n p u t )  
i j  i j  

where t h e  s u b s c r i p t s  i , j  r e p r e s e n t  t he  p o s i t i o n  on t h e  p l a t e .  The 

terms a r e  expressed  mathemat ica l ly  a s  fo l lows :  

ij 
(conduction i n p u t )  i j  

(convec t ion  i n p u t )  i j  = [..(.. - Tij)] + [..(.. - Tij)l  f r o n t  back 

( r a d i a t i o n  i n p u t ) i j  = + A q  
']back 

( h e a t  sou rce  i n p u t ) i j  = q i j  

- 3 -  



.. 
where 

P =  

c =  

h =  

9, = 

E =  

u =  

k =  

mass d e n s i t y  of the  p l a t e  

s p e c i f i c  h e a t  of t h e  p l a t e  

temperature  of t h e  p l a t e  

recovery  temperature  

convec t ive  c o e f f i c i e n t  

r a d i a t i v e  h e a t  i n p u t  

e m i s s i v i t y  of t h e  p l a t e  

Stefan-Boltzmann cons t an t  

c o n d u c t i v i t y  of t he  p l a t e  

An expres s ion  f o r  t he  two-dimensional conduct ive  h e a t  t r a n s f e r  

i s  de r ived  a s  shown i n  Fig.  2.1. Consider small r e c t a n g u l a r  e lements  

o f  t h e  f i l m .  The n e t  r a t e  of h e a t  i n c r e a s e  of an element due t o  conduct ion 

i s  t h e  a l g e b r a i c  sum of t h e  conduct ive h e a t  i n p u t  from each of i t s  

ne ighbor ing  elements .  Re fe r r ing  t o  Fig.  2.1, t h i s  becomes f o r  P i j '  

from Pi-l 
, j  

from Pi+l 
, j  

- 4 -  
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Fig. 2 . 1 .  The physical two-dimensional system. 

from P i, j-1 
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from P i, j+l 

The c o e f g i c i e n t  i s  seen  w i t h  t h e  a i d  of Fig.  2.2. 

Fig.  2.2. Conductive coupl ing  of a d j a c e n t  volume elements .  

A s  shown i n  t h e  f i g u r e ,  a f i c t i t i o u s  s u r f a c e  i s  in t roduced  a t  t h e  

boundary of t h e  two volume elements .  The h e a t  flow from T t o  T '  i s  
1 

TI - T '  

@ Y d l k l  @XI2 
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and from T '  t o  T2 i s  

T '  - T2 

@yd2k2 h / 2  

S ince  the  f i c t i t i o u s  s u r f a c e  i s  n o t  a h e a t  s i n k  o r  source  

T1 - T '  T '  - T2 

@ Y d l k l  h / 2  = @yd2k2 h / 2  

and 

d k T t dlklTl 

d k + dlkl 
2 2 2  

2 2  
T '  = 

S u b s t i t u t i o n  of t h i s  expres s ion  i n t o  t h e  f i r s t  equa t ion  g i v e s  f o r  t he  

h e a t  f low from T1 t o  T2 

- 7 -  
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Thus t h e  conduct ion  i n p u t  per a r e a  M y  becomes 

Now i n  t h e  l i m i t  t h e  above express ion  becomes of the  form 

where 

- 8 -  



4 The r a d i a t i o n  f a c t o r  T can be l i n e a r i z e d  a t  T Ta by 

T4 = a + b T 

where 

4 
a 

a = - 3 T  

3 
a b - 4 T  

The h e a t  equat ion  f o r  t h e  sensor  then  can be expressed a s  

where 

(El + €2) 
3 g = hl + h2 + 40 Ta 

f = h l  Tr l  + h2 Tr2 + 30 T4 a (El + E 2 ) +  Qrl + qr2 + q ( 2 . 3 )  

The s u b s c r i p t  1 i n d i c a t e s  one s i d e  of t h e  sensor  and 2 i n d i c a t e s  t h e  

o t h e r  s i d e .  

C h a r a c t e r i s t i c  - Time Constant  and Equi l ibr ium Temperature 

I f  conduct ion  i n  t h e  p lane  of  t h e  p l a t e  i s  n e g l i g i b l e  ( a s  i n  

r e g i o n s  remote from Sources and boundaries)  the  h e a t  equat ion  (Eq. 2 .1)  

- 9 -  
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may b e  w r i t t e n  

pcd T = -gT + f 

where the  d o t  s i g n i f i e s  d i f f e r e n t i a t i o n  wi th  r e s p e c t  t o  t i m e .  The 

equa t ion  can f u r t h e r  be s i m p l i f i e d  to the  form 

L 

T T + T =  Te 

where 

thus  p rov id ing  two convenient  parameters f o r  r e f e r e n c e ,  t h e  " c h a r a c t e r i s t i c  

t i m e  cons t an t "  T and " the  equi l ibr ium temperature"  . 
Te 

- 10 - 



111. TWO-DIMENSIONAL INTEGRATOR 

F i n i t e  D i f f e rence  Method 

The f i n i t e  d i f f e r e n c e  method i s  used t o  s o l v e  t h e  h e a t  equa t ion  

by a s t ep -by- s t ep  p rocess  on t h e  d i g i t a l  computer. The senso r  i s  con- 

s i d e r e d  t o  be  ove r l ayed  by a r e c t a n g u l a r  g r i d .  An approximate s o l u t i o n  

t o  t h e  d i f f e r e n t i a l  equa t ion  i s  found a t  t h e  i n t e r s e c t i o n  p o i n t s  o f  t h e  

g r i d .  The s o l u t i o n  v a l u e  T a t  each g r i d  p o i n t  r e p r e s e n t s  t h e  t e m -  

p e r a t u r e  of t h e  volume element ( i , j )  cor responding  t o  t h a t  g r i d  p o i n t .  

i , j  

The approximation c o n s i s t s  of r e p l a c i n g  each d e r i v a t i v e  of t h e  

p a r t i a l  d i f f e r e n t i a l  equa t ion  a t  the  g r i d  p o i n t ,  s ay  ( i l j ) l  by a f i n i t e  

d i f f e r e n c e  approximation i n  terms of t h e  v a l u e  of T a t  ( i , j )  and a t  

ne ighbor ing  g r i d  p o i n t s .  S i m i l a r l y ,  the t i m e  d e r i v a t i v e  i s  approximated 

by a f i n i t e  d i f f e r e n c e  i n  t i m e .  

E x p l i c i t  Method 

A few comments on t h e  s impler  expl ic i t  method of s o l v i n g  t h e  

f i n i t e  d i f f e r e n c e  equa t ions  w i l l  se rve  t o  i n t r o d u c e  t h e  fo l lowing  d i s -  

c u s s i o n  on t h e  i m p l i c i t  method which  was used i n  t h e  i n t e g r a t o r .  For 

t h i s  purpose t h e  h e a t  equa t ion  (Eq. 2 .1)  i s  w r i t t e n  a s  a d i f f e r e n c e  

e q u a t i o n  

P+l - P 
Ti, j (WQilj Tilj = 1 qc - g i l j  P Ti , j  + f i  P J At 

- 11 - 



where 

where 

L h  = g r i d  s i z e  

At  = t i m e  s t e p  

The s u p e r s c r i p t  p i n d i c a t e s  t h e  p t h  t i m e  p o i n t .  

p e r a t u r e  t i m e  increment ,  TP+' - TP, i s  e x p l i c i t l y  given i n  terms of 

tempera tures  a t  t h e  preceding t i m e  po in t .  

N o t i c e  t h a t  t h e  t e m -  

Thus, 

. 'T + f ') 
Ti, j pcd qc - g i , ~  i , j  i , j  

P+ l  =I 

The s i z e  of t h e  g r i d  @2c and t h e  time increment  At must be  c a r e f u l l y  

chosen t o  l i m i t  t h e  t r u n c a t i o n  e r r o r  and numerical  e r r o r .  Suppose D 

- 12 - 
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Fig.  3.1. Two-dimensional g r i d .  

r e p r e s e n t s  t he  exac t  s o l u t i o n  of the p a r t i a l  d i f f e r e n t i a l  equat ion ,  

c! r e p r e s e n t s  t h e  e x a c t  s o l u t i o n  of the  p a r t i a l  d i f f e r e n c e  equat ion ,  

and N r e p r e s e n t s  t h e  numerical  s o l u t i o n  of t he  p a r t i a l  d i f f e r e n c e  

equat ion .  Then ( D  - A) i s  c a l l e d  the  t r u n c a t i o n  e r r o r ;  i t  a r i s e s  

because of t he  f i n i t e  d i s t a n c e  between p o i n t s  of t he  d i f f e r e n c e  mesh. 

- 13 - 
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To f i n d  t h e  c o n d i t i o n s  under which A+D i s  the  problem of convergence. 

To i n s u r e  t h a t  t h e  d i f f e r e n c e  (A - N) i s  small throughout  t he  e n t i r e  

r eg ion  of i n t e g r a t i o n  i s  t h e  problem of s t a b i l i t y .  

There appears  t o  be no appropr i a t e  e r r o r  and s t a b i l i t y  c r i t e r i a  

f o r  t h e  nonl inear  equa t ion  under s tudy,  a l though i t  i s  g e n e r a l l y  known 

t h a t  l a r g e r  v a l u e s  of & and smal le r  v a l u e s  of ,At tend t o  s t a b i l i z e  such 

systems. [Dusinberre 1961, O'Brien 1951. 3 

A l t e r n a t i n g  D i r e c t i o n  I m p l i c i t  Method 

Peaceman. and Rachford [1955] found a n  e f f i c i e n t  method of s o l v i n g  

t h e  l i n e a r  p a r t i a l  d i f f e r e n t i a l  equat ion  

Thei r  " a l t e r n a t i n g  d i r e c t i o n  i m p l i c i t  method" tends  t o  s t a b i l i z e  t h e  

system, and a l a r g e r  A t  can be used. (Ac tua l ly  t h i s  method i s  always 

s t a b l e  f o r  t h e  above equat ion .  j 

Although the  h e a t  equa t ion  under s tudy  i s  no t  a l i n e a r  equa t ion  

and o therwise  d i f f e r s  from the  above equat ion ,  t h e  idea  of t he  A-D 

method i s  used i n  t h i s  program t o  solve t h e  h e a t  equat ion .  

Assume t h e  s o l u t i o n  i s  known f o r  t ime p.  The method c o n s i s t s  

of  r e p l a c i n g  on ly  one of t he  second-order d e r i v a t i v e s ,  t he  d e r i v a t i v e  

i n  x, say,  by an i m p l i c i t  d i f f e r e n c e  approximation,  t h a t  i s ,  by a f i n i t e  

d i f f e r e n c e  approximation i n  terms of (unknown) g r i d  v a l u e s  a t  t i m e  p +- 1. 

- 14 - 



Previous  (known) g r i d  v a l u e s  Tp a r e  used i n  t h e  second-order  d e r i v a t i v e  

i n  y and i n  o t h e r  terms. Therefore ,  f o r  t he  t i m e  s t e p  from p t o  p + 1 

The advancement of the  s o l u t i o n  t o  t h e  (p + 2 ) t h  t ime p o i n t  i s  

then achieved by u s i n g  Tp+2 i n  t h e  y d e r i v a t i v e  term and TP+l i n  t h e  

remaining terms. 

P+ l  
, j  

P+ 1 P+l  + f i  - g i 9 j  Ti, j (3.3) 

Thus t h e  i m p l i c i t  approximation a l t e r n a t e s  between x and y components 

of t h e  conduct ion express ion .  

approximations,  Eq. 3.2 becomes 

Af ter  making the  f i n i t e  d i f f e r e n c e  

- 15 - 



where 

The same procedure can be done for Eq. 3.3, and c o l l e c t i . n g  terms 

P+l - P+l I P + l =  P T  . P + P ? :  P 
'zTi- 1, j P3Ti+l, j 4 i , J  5 i , j - l  

P T  
1 i,J 

+ Q, ( 3 . 5 )  Q6Ti+l,,j 
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where 

At (2kd) 
(BKD) - i, i 

p3 - X 2 i , j  

Q =  
1 

Q =  
2 

Q, = 

Q, = 

At (2kd) ~ 

- 1 7  - 

3 (DKD) 
i,j 

7 

P 
gi. J 



Express ion  3.4 r e p r e s e n t s  m - 2 se t s  of n - 2 simultaneous a l g e b r a i c  

equa t ions ,  where i = 2 , 3 , 4 , - . - , n  - 1 and j = 2,3P*..Jm - 1. Each s e t  

o f  equa t ions  i s  so lved  t o  produce the n - 2 unknown tempera tures  based 

on boundary c o n d i t i o n s  a t  i =: 1 and i = n. 

i s  used f o r  t h i s  purpose.  [Forsythe 1960, Bruce 1953.1 !l%e tempera tures  

a t  t h e  nex t  t i m e  p o i n t  a r e  determined from Eq. 3.5 which, i n  tu rn ,  

r e p r e s e n t s  n - 2 s e t s  of m - 2 s imultaneous equa t ions .  

Gauss' e l i m i n a t i o n  method 

- i a  - 



. 
I V .  APPLICATION TO ARCASONDE LA FILM 

The Arcasonde 1 A  film-mounted bead t h e r m i s t o r  i s  i n  wide u s e  

today f o r  measuring atmospheric  temperatures  i n  t h e  s t r a t o s p h e r e  and 

mesosphere. The dominating i n f l u e n c e  o f  t h e  f i l m  on t h e  sensor  t e m -  

p e r a t u r e  a t  t h e  h i g h e r  a l t i t u d e s  encourages c l o s e  examination of t h e  

thermal  behavior  of t h e  f i l m  i n  t h e s e  a l t i t u d e s .  The two-dimensional 

i n t e g r a t o r  under d i s c u s s i o n  o f f e r s  a u s e f u l  means of such examinat ion.  

The p r o p e r t i e s  and c o n f i g u r a t i o n  of  t h e  f i l m  a r e  b r i e f l y  presented  

a long  w i t h  t h e  environmental  parameters  a s s o c i a t e d  w i t h  a n  o p e r a t i o n a l  

f l i g h t  i n t o  t h e  mesosphere (60 and 70 km a l t i t u d e ) .  From t h e s e  t h e  

q u a n t i t i e s  g, f ,  (pcd) and c e r t a i n  boundary c o n d i t i o n s  a re  determined 

f o r  i n p u t  t o  t h e  i n t e g r a t o r .  R e s u l t s  from t h e  o u t p u t  of  t h e  i n t e g r a t o r  

a r e  d i s c u s s e d  r e l a t i v e  t o  t h e  performance o f  t h e  f i l m  mount, p a r t i c u l a r l y  

concern ing  thermal  i s o l a t i o n  of suppor t  p o s t s ,  thermal f i l m  speed, 

s u s c e p t i b i l i t y  t o  r a d i a t i o n ,  and the  e f f e c t  of conduct ion w i t h  t h e  

e l e c t r i c a l  l ead  wires .  

- Film Conf igura t ion  

The f i l m  c o n f i g u r a t i o n  and dimensions a r e  i l l u s t r a t e d  i n  Fig.  4.1. 

The p h y s i c a l  p r o p e r t i e s  of t h e  f i l m  m a t e r i a l s  a r e  shown i n  Table  4.1. 

%he thermal p r o p e r t i e s  of the f i l m  a r e  considered uniform w i t h i n  

each o f  s i x  d i s t i n c t  reg ions  of t h e  f i l m .  A r b i t r a r i l y  choosing one 

f a c e  a s  t h e  " f ront"  s i d e ,  w e  l e t  the s u b s c r i p t  d =: 1 , 2  d e s i g n a t e  t h e  

f r o n t  and back s i d e ,  r e s p e c t i v e l y .  F igure  4 .2  i l l u s t r a t e s  t h e  s i x  

r e g i o n s  a s  viewed from t h e  " f ront"  s i d e .  We a s s i g n  t h e  s u b s c r i p t  

- 19 - 
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A R C - I A  

Fig. 4.1. Arcasonde 1A film configuration and dimensions. 
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TABLE 4 .1  

P h y s i c a l  P r o p e r t i e s  Used For The Arcasonde 1 A  Film 

- 
3 

I I 

Mylar 

S i l v e r  

PC 

Solder  

6 

6 

6 

1.75 x 10 

2 . 4 4  x 10 

1 . 2 0  x 10 

T 

~~ 

Conduct iv i ty  

(watts/m OK) 

~ 

23.7 

413.5 

5 2 . 0  

4 
I 

Emiss iv i ty  

'6 

.80 

.02 

.50 

Fig .  4 . 2 .  Regions k of t h e  f i l m  a s  seen from 
t h e  "front"  (1 = 1) s i d e .  
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t 

k = 1; .* ,6  t o  t h e  r e g i o n s  a s  fol lows:  

k =  1 unpla t ed  Mylar 

k =  2 o u t e r  l e g  ( s i l v e r p i a t e d  on back s i d e ,  " l e f t  leg" i n  

Fig.  4 .2  and i n  t h e  program) 

k = 3  o u t e r  l e g  ( s i i v e r - p l a t e d  on f r o n t  s i d e ,  " r i g h t  leg") 

k = 4  i n n e r  l e g  ( s i l v e r - p l a t e d  on both  s i d e s  o f  t h e  Mylar) 

k = 5  j u n c t i o n s  ( s o l d e r ,  on back s i d e )  

k =  6 j u n c t i o n s  ( s o l d e r ,  on f r o n t  s i d e )  

R a d i a t i o n  I n p u t s  

The r a d i a t i o n  environment i s  considered i n  f o u r  p a r t s ,  des igna ted  

a s  r a d i a n t  h e a t  sources  by t h e  s u b s c r i p t  j = 1,...,4 a s  fo l lows:  

j = 1  d i r ' e c t  s o l a r  i l l u m i n a t i o n  

j = 2  i n d i r e c t  s o l a r  i l l u m i n a t i o n  (albedo)  

j = 3  e a r t h  r a d i a t i o n  

j = 4  sonde r a d i a t i o n  

The r a d i a t i o n  i n p u t  t o  a n  element of  t h e  k t h  r e g i o n  of  t h e  f i l m  

i s  expressed  

- 22 - 



* 
where 

a = r a d i a t i o n  a b s o r p t i v i t y  

f = geometr ic  f a c t o r  

I = r a d i a n t  emi t t ance  

p = p e r t u r b a t i o n  f a c t o r  

The e f f e c t i v e  a b s o r p t i v i t y  of t h e  Mylar-exposed s i d e  of a s i l ve r -  

p l a t e d  r e g i o n  i s  taken  as 

which assumes t h e  r e f l e c t i v i t y  of the Mylar t o  be  small  

- 23 - 



and the  e m i s s i v i t y  a s  

E = E M + (1 - %)E - aag) EM + €.r3 
which inc ludes ,  approximately,  the  emission of t h e  Mylar forward, t h a t  

emi t ted  backward and r e f l e c t e d  by the s i l v e r ,  and t h e  emission of s i l v e r  

through t h e  Mylar, and which i n c i d e n t a l l y  i s  the  same va lue  a s  t h e  above 

a b s o r p t i v i t y .  Mean s o l a r  a b s o r p t i v i t i e s  used i n  t h e  c a l c u l a t i o n s  f o r  

Mylar, s i l v e r ,  and so lde r  a r e  -0280, 0.01, and 0.5,  r e s p e c t i v e l y .  Mean 

long-wave a b s o r p t i v i t i e s  were assumed t o  be 0.451, 0.02, and 0.5 ,  

r e s p e c t i v e l y .  The r e s u l t i n g  a b s o r p t i v i t i e s  a! and E a r e  
J , k , J  k , J  

.02 

.5 

- 24 - 



f 

Values used f o r  t h e  geometr ic  f a c t o r s  f a r e  
j, 

. 0000 107,O 

, .02 

which correspond t o  broads ide  ( s t r o n g e s t )  s o l a r  i l l u m i n a t i o n  of t h e  

" f ron t "  s i d e  of t he  film, an  edge-on ( l e a s t  s u s c e p t i b l e )  p o s i t i o n  r e l a t i v e  

from t h e  e a r t h ,  and t h a t  view of t h e  sonde body seen by t h e  Arcasonde s e n s o r .  

Nominal v a l u e s  of  source  emit tance a r e  

The p e r t u r b a t i o n  f a c t o r  B o  provides a convenient  means of producing 
J 

sun, shade, and n i g h t  c o n d i t i o n s ,  thus 

r e p r e s e n t  s u n l i g h t ,  day-shaded, and n ight - t ime envi.ronments. 
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Convection C o e f f i c i e n t s  

The convec t ion  c o e f f i c i e n t  h and recovery  f a c t o r  r depend on 

a l t i t u d e ,  a i r  speed, and d i s t a n c e  behind t h e  l ead ing  edge of t h e  f i l m  

[Progress  Repor t ,  UTEC-MR-67-055, Appendix B ] .  The f u n c t i o n s  h (x )  and 

r ( x )  used a s  i n p u t s  t o  the  i n t e g r a t o r  a r e  shown i n  Fig.  4.3.  

Conductive I s o l a t i o n  

The i n t e g r a t o r  computes the  time h i s t o r y  of temperature  a t  each 

g r i d  p o i n t .  I f  t he  i n p u t  t o  the  system i s  c o n s t a n t ,  t h e  sensor  achieves  

a s t e a d y - s t a t e  temperature  d i s t r i b u t i o n  a f t e r  i n i t i a l  t r a n s i e n t s  have 

decayed away. 

a l t i t u d e  and 120 m/sec a i r  speed, i n  daytime shade w i t h  an assumed boundary 

tempera ture  a t  t h e  suppor t  p o s t s  of 300°K. 

the  flow from the  l ead ing  edge ( top)  toward the  t r a i l i n g  edge i s  due t o  

t h e  dec rease  i n  h and r downstream on t h e  su r face .  The d i s t r i b u t i o n  i s  

e s s e n t i a l l y  symmetrical  about  the  cen te r  f low l i n e .  The g r e a t e r  e m i s s i v i t y  

of  Mylar tends  t o  coo l  the  ou te r  legs ,  r e l a t i v e  t o  t h e  inne r  l e g .  The 

i n n e r  l e g  has  no Mylar s u r f a c e  exposed whereas t h e  o u t e r  l e g s  expose Mylar 

on one s i d e .  The unpla ted  Mylar i s  the  c o o l e s t  p a r t  o f  t h e  f i l m ,  and 

would tend t o  c o o l  t h e  edges of t he  s i l v e r  p l a t e ,  though g r a d i e n t s  i n  

the  p l a t e  due t o  t h i s  e f f e c t  a r e  not appa ren t .  

F igure  4.4 shows the  s t e a d y - s t a t e  d i s t r i b u t i o n  a t  60 km 

The tempera ture  g r a d i e n t  a long  

To i l l u s t r a t e  t he  e f f e c t  of conduction more c l e a r l y ,  t h e  d i f f e r e n c e  

between t h e  s t e a d y - s t a t e  temperature  and t h e  l o c a l  c h a r a c t e r i s t i c  e q u i l i -  

b r  ium tempera t u r  e ,  (T - Te), i s  shown i n  F ig .  4.5. The l a r g e  temperature  

d i f f e r e n c e  a r i s i n g  a t  the j u n c t i o n  ( s o l d e r )  r e g i o n s  is due t o  t h e  



3c 

20 

hx 

I O  

C 

I I I I 1 1 

- r x  ( 70 krn) 

I 1 I I I I 

s I .o 1.5 2.0 25 3x) 3.5 

X 

Fig .  4 . 3 .  P l o t s  of l o c a l  convect ion c o e f f i c i e n t  h,?watt/m 2 OK) 
and l o c a l  recovery  f a c t o r  rx v e r s u s  d i s t a n c e  x(cm) 
from l ead ing  edge f o r  256 m/sec a t  70 km and 
120 m/sec a t  60 km. 

,o 

3 

r X  
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, 

d i f f e r e n c e  i n  T between s i l v e r  and s o l d e r .  The assumed r a d i a t i o n  

p r o p e r t i e s  of t h e  s o l d e r  may be  q u i t e  i n a c c u r a t e ,  so  t h i s  v a l u e  i s  n o t  

e 

cons ide red  a c c u r a t e .  However, n o t i c e  i n  Fig,  4.4 t h a t  t h e  j u n c t i o n  

tempera ture  i s  una f fec t ed  by j u n c t i o n  p r o p e r t i e s  anyway, a t  t h i s  a l t i t u d e .  

The numbers i l l u s t r a t e  t he  dominance of t h e  s i l v e r  p l a t e  i n  f o r c i n g  t h e  

j u n c t i o n  r e g i o n s  t o  fo l low t h e  p l a t e  tempera ture .  

No t i ce  t h a t  conduct ive  h e a t i n g  o f  t h e  Mylar i s  l i m i t e d  t o  w i t h i n  

abou t  two g r i d  elements o r  one mi l l ime te r  from a boundary. F igu re  4.6 

i s  t h e  r e s u l t  o f  mathemat ica l ly  d i sconnec t ing  t h e  f i l m  from i t s  s u p p o r t i n g  

p o s t s .  Not ice  t h e  i n f l u e n c e  o f  conduction wi th  t h e  p o s t s  i s  n i l  a t  t h e  

p o i n t  o f  c o n t a c t  w i th  t h e  the rmis to r  w i re s ,  and, i n  f a c t ,  a t  a l l  p o i n t s  

on t h e  s i l v e r  p l a t e s .  It  i s  l i m i t e d  t o  t h e  2 mm s t r i p  of Mylar a long  

t h e  p o s t s .  

F igures  4.7 t o  4.9 correspond t o  t h e  preceding  t h r e e  f i g u r e s  

excep t  t h a t  t h e  computations a r e  taken a t  70 km a t  256 m/sec. The decreased  

convec t ion  c o e f f i c i e n t  h a t  t h e  h ighe r  a l t i t u d e  a l lows  i n c r e a s e d  conduct ion  

e f f e c t ,  b u t  s t i l l  n o t  enough t o  a f f e c t  the  w i r e  j u n c t i o n s .  

- T i m e  Cons tan t  

The dynamic response  of the f i l m  i s  i n d i c a t e d  i n  Fig. 4.10. The 

t i m e  h i s t o r y  of t h e  the rmis to r  w i r e  j u n c t i o n  ( s o l d e r )  i s  shown d u r i n g  t h e  

t r a n s i t i o n  from a n  i n i t i a l l y  uniform f i l m  tempera ture  of 300°K t o  s t e a d y  

s t a t e ,  under t h e  environments a s s o c i a t e d  w i t h  60 and 70 km a l t i t u d e .  

s l i g h t  d e p a r t u r e  from a s t r a i g h t  l i n e  of t h e  semilog p l o t  i s  due t o  

t h e  n o n l i n e a r i t y  ( t h e  f o u r t h  power r a d i a t i o n )  of  t h e  system. 

The 

An e f f e c t i v e  
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t i m e  c o n s t a n t  may be  a s c e r t a i n e d ,  however, a s  t h a t  of a s imple f i r s t -  

o rde r  system 

T (Char . )  

T+ + T = Te T ( t )  = T + ( T  - T ] e  - t / T  e 0 e 

50 t =  0 

which would r each  w i t h i n  10 pe rcen t  of equ i l ib r ium i n  t h e  same e l apsed  

t i m e .  The t ime c o n s t a n t  then is given by 

J u n c t i o n  

S i l v e r  

Mylar 

T ( E f f e c t i v e )  

F i  l m  

T ( t J  - T(m) 
= 0.1 - -  - 

-Rn 0.1 2.3 ' T ( 0 )  - T(m) 
T =  

9 . 0  - 11.1 

3.4 - 3.9  

4 . 2  - 6 . 0  

z = 60 70 70 (w/o s o l d e r )  

4.1  6.52 6 .43  

The j u n c t i o n  temperature  versus  t i m e  w a s  computed a l s o  f o r  t h e  

f i l m  w i t h o u t  s o l d e r .  The e f f e c t  o f  the  r e l a t i v e l y  "massive" s o l d e r  

j u n c t i o n s  w a s  found t o  be  e s sen t i a l ly  n i l  a t  70  km. 

Table 4.2  l i s t s  the  f i l m  e f f e c t i v e  t i m e  cons t an t  t o g e t h e r  w i t h  

t h e  c h a r a c t e r i s t i c  t i m e  cons t an t ,  pcd/g, c a l c u l a t e d  a t  equ i l ib r ium and 

a t  r e p r e s e n t a t i v e  p o s i t i o n s  on the  f i l m ,  of  t h e  j u n c t i o n ,  s i l v e r ,  and 

Mylar. 

TABLE 4 . 2  

C h a r a c t e r i s t i c  Time Cons tan ts  (pcd/g, seconds)  a t  70 km, 
o f  J u n c t i o n ,  S i l v e r  (Outer Leg, near  J u n c t i o n ) ,  and 
Mylar (Remote from S i l v e r  and Frame), a t  Beginning 

( t  = 0)  and End ( t  = 50 s e c )  of  T rans i en t .  A l s o  t h e  
E f f e c t i v e  T i m e  Constant  o f  t he  Film a t  t h e  J u n c t i o n  

Respec t ive ly  a t  60 and 70 km, and a t  70 km Without Solder .  
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TIME (sec)  

F i g .  4.10. T r a n s i e n t  temperature  of  j u n c t i o n  a t  60 and 70 km. 

R a d i a t i o n  E r r o r  

The f i l m  t empera ture  dependence on t h e  r a d i a t i o n  environment i s  

i l l u s t r a t e d  i n  Table  4 . 3 ,  where t h e  thermis tor  wire  j u n c t i o n  tempera ture  

i s  t a b u l a t e d  f o r  t h e  c a s e s  o f :  
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a .  Maximum d i r e c t  s o l a r  i l l u m i n a t i o n  

b.  Sun-shaded daytime r a d i a t i o n  

c .  No s o l a r  i l l u m i n a t i o n  ( n i g h t ) .  

Recovery tempera ture  ( t h e  sensor  equ i l ib r ium temperature  wi th  no 

r a d i a t i o n  [nor  conduct ion]  e r r o r )  and atmospheric  temperature  a r e  inc luded  

i n  the  t a b l e  a s  w e l l .  Parenthes ized  q u a n t i t i e s  i n d i c a t e  success ive  d i f -  

f e r e n c e s  between t h e  given temperatures .  

TABLE 4.3 

Wire J u n c t i o n  Temperatures when t h e  Film i s  Under 
(a)  Maximum D i r e c t  Solar  Rad ia t ion ,  
(b)  Sun-shaded Daytime Radia t ion ,  and 

( c )  N o  So la r  I l l u m i n a t i o n  (Night t ime) .  
Success ive  Di f f e rences  are  Parenthes ized  

and Recovery and Atmospheric Temperatures are  Inc luded  f o r  Reference 

5 A l t i t u d e  (km) 

r T 

~~ 

6 0  7 0  

257.2 

( 1 . 3 )  

255.9  

(0 .3 )  

255.6 

( - 6 . 5 )  

2 6 2 . 1  

( 6 . 3 )  

2 5 5 . 8  

242.9 

( 2 . 3 )  

240.6 

( 0 . 6 )  

240.0 

( - 1 0 . 2 )  

250.2 

( 3 0 . 5 )  

219.7 
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Not ice  t h a t  t he  day-n ight  d i f f e r e n c e  i n  r a d i a n t  h e a t i n g ,  assuming shaded 

day c o n d i t i o n s ,  i s  less than  1°K.  Since t h e  t i m e  c o n s t a n t  i s  s i g n i f i c a n t  

r e l a t i v e  t o  t h e  pe r iod  of parachute  r o t a t i o n s ,  t h e  p e r i o d i c  lows of  f i l m  

tempera ture  may be  1 t o  2 degrees  high due t o  t h e  p e r s i s t e n c e  of h e a t i n g  

from p e r i o d i c  d i r e c t  s o l a r  exposures.  The d i f f e r e n c e  i n  r a d i a t i o n  e r r o r  

i n  t h e  f i l m  between day and n i g h t  f l i g h t s  i s  less than  about  1.5 and 3 

degrees ,  r e s p e c t i v e l y ,  a t  60 and 70 km a l t i t u d e .  It i s  noted t h a t  r a d i a -  

t i v e  c o o l i n g  a lmost  e x a c t l y  c a n c e l s  the 6.3"K aerodynamic h e a t i n g  a t  60 km. 

The e q u i l i b r i u m  temperature d i s t r i b u t i o n  of t h e  f i l m  a t  70 km under 

d i r e c t  s o l a r  r a d i a t i o n  i s  given i n  Fig. 4.11. The sun i s  i l l u m i n a t i n g  

t h e  f r o n t  s i d e  and, t h e r e f o r e ,  causes  t h e  l e f t  s i l v e r  l e g  ( t h e  Mylar- 

i l l u m i n a t e d  l e g )  t o  be somewhat warmer than  t h e  o t h e r  l e g .  The d i f f e r e n c e  

i s  smal l  and does n o t  i n f l u e n c e  t h e  temperature a t  t h e  senso r  w i r e  j u n c t i o n .  

E f f e c t  o f  Heat Conduction w i t h  t h e  Wires 

The above r e s u l t s  do no t  i nc lude  t h e  e f f e c t  of conduct ion  w i t h  t h e  

w i r e s  a t  t h e  j u n c t i o n  p o i n t s .  To show t h e  i n f l u e n c e  o f  t h e  wires a s  h e a t  

sou rces  o r  s i n k s ,  a computation was completed w i t h  h e a t  added a t  t h e s e  

p o i n t s .  

The h e a t  f low between t h e  the rmis to r  w i r e  and t h e  f i l m  may be 

e s t i m a t e d  by c a l c u l a t i n g  t h e  h e a t  flow a t  t h e  end of a w i r e  having  t h e  

f i l m  tempera ture  a t  t h e  j u n c t i o n  end and t h e  bead temperature a t  t h e  

o p p o s i t e  end. S ince  the wire l e n g t h  i s  s h o r t ,  a n  adequate  approximation 

i s  g iven  by n e g l e c t i n g  racLiation and convec t ive  h e a t  t r a n s f e r  a long  t h e  
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. 
w i r e .  The h e a t  f low per u n i t  bead-film temperature  d i f f e r e n c e  i s  then 

= 4.76 pwat t /wi re  O K  

k d2 
- = - - - -  %f fl w w II (31 watt/m°K) (2.5 x m 
,AT 4 e - 4  (3.2 x m) 

where t h e  v a l u e s  a r e  those  of 1 m i l  P t - I r  w i r e  3.2 mm long. 

t h e  maximum temperature  d i f f e r e n c e  t o  be o f  t h e  o rde r  o f  10 * 5"K, an 

upper bound of ,AT = 20°K i s  chosen which impl i e s  an upper l i m i t  of  about  

100 pwat t s  f o r  each w i r e .  

Es t ima t ing  

The w i r e s  l ead ing  t o  t h e  sonde a r e  assumed t o  be t h e  same m a t e r i a l  

b u t  twice t h e  diameter  and twice the l e n g t h .  Using a n  es t imated  f i lm-  

sonde temperature  d i f f e r e n c e  o f  about 40°K impl i e s  a h e a t  i n p u t  of about  

400 w w a t t  f o r  each sonde w i r e .  

The e f f e c t  of t h i s  excess ive  h e a t  i n p u t  i s  i l l u s t r a t e d  i n  F ig .  4.12. 

Comparing wi th  Fig.  4.7, i t  i s  seen t h a t  t h e  temperature  r i s e  of t h e  

j u n c t i o n  i s  about  0.3"K. The d i s s i p a t i v e  power of t h e  s i l v e r  p l a t e  i s  

s u f f i c i e n t  t o  r ende r  e s s e n t i a l l y  i n s i g n i f i c a n t  t h e  h e a t  i n p u t  from t h e  

sensor  wire .  
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V. INTEGRATOR PROGRAM 

F o r t r a n  V was used t o  program the i m p l i c i t  method d i scussed  i n  

Chapter 111. The o r g a n i z a t i o n  of the programming i s  summarized i n  t h e  

flow diagram of  Fig.  5.1. 

I n  t h e  main program t h e  g r i d  s i z e  b y s  dimensions of t h e  p l a t e ,  

time increment of computation At ,  and t h e  r e q u i r e d  number of i t e r a t i o n s  

a r e  s t o r e d .  A f t e r  t h e  i n i t i a l  temperature d i s t r i b u t i o n  i s  s t o r e d ,  sub- 

r o u t i n e  SENSOR i s  c a l l e d .  

t i o n )  a r e  a s s igned  i n  sub rou t ine  SENSOR. 

Thermal p r o p e r t i e s  of t h e  p l a t e  ( f i l m  conf igu ra -  

The environmental  cond i t ions  a r e  e s t a b l i s h e d  i n  sub rou t ine  ENVIRO. 

The v a l u e  of h ,  T and r a d i a t i o n  inpu t  a r e  computed. r’ 

Re tu rn ing  t o  t h e  main program, t h e  f i r s t  s t e p  i n  LOOP1 i s  t o  

c a l c u l a t e  f and g accord ing  t o  Eq. 2.2. Then COMPl i s  c a l l e d  t o  i n t e -  

g r a t e  t h e  time s t e p  p t o  p -k 1. R e s u l t i n g  v a l u e s  of T(x, ys p + 1) are 

p r i n t e d  o u t .  Then GANDF i s  c a l l e d  aga in  t o  c a l c u l a t e  f and g w i t h  

T(x, ys p + 11, s i n c e  f and g a r e  func t ions  of T. Then COMP2 i n t e g r a t e s  

t h e  t i m e  from p + 1 t o  p + 2 t o  complete t h e  second s t e p  i n  t h e  a l t e r n a t i n g  

d i r e c t i o n  i m p l i c i t  method. T(x, y 9  p + 2 )  i s  then p r i n t e d  o u t .  

LOOP1 is r e p e a t e d  u n t i l  t h e  temperature d i s t r i b u t i o n  r eaches  

equ i l ib r ium.  Then Te and ,AT a r e  c a l c u l a t e d  and a r e  p r i n t e d  o u t .  
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1 

1 ENVIRO 

I n i t i a l  temperature  
d i s t r i b u t i o n  I -_----- 

Sensor s p e c i f i -  ---1 c a t i o n s  a r e  g iven  

\I 
Recovery temper a - .c LOOP1 
t u r  e ca l c u l a  t i o n  

_ _ - _ _  - - _ _  
f and g 

I 
I 
I 
I 

p e r a t u r e  a t  
( p ~ 1  j t i m e  l e v e l  

COMP2 
Compute t h e  t e m -  
p e r a t u r e  a t  
(p+2 j t i m e  l eve l  

€ - - - - - -  ---I 
PRINT e 

Gomp u t e 
Te, AT. 

Fig.  S . 1 .  Flow diagram. 
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4 

Main Program - . 
Line  

4-5 

6 

7 

8 

1 3  

20 

26-39 

5 9  

6 8  

73-75 

MM,NN : numbers o f  g r i d  p o i n t s  i n  x and y 

LOL : number o f  i t e r a t i o n s  t o  be made t o  reach  

equ i l ib r ium 

DELTA : t ime s t e p  (@t) 

DELX : g r i d  s i z e  (&> 

T(I,.?) : ( i - j ) t h  g r id  p o i n t  temperature  

LOOPl i s  repea ted  LOL t i m e s  t o  r each  equ i l ib r ium 

FF(I ,J) ,GG(I ,J)  : f and g 
i,j i , j  

ROC(I,J) : ipcd)i,,  

C a l c u l a t i o n  of T = f / g ,  T = pcd/g e 

End o f  LOOPl 

FP(I,.T) : temporary T e 

Compbtation of  AT = T - T e 
i,j i, j 

Subrout ine  SENSOR. 

L ine  

8- 10 

11-13 

14-16  DMYL,DSIIV,DSOL : t h i ckness  of Mylar, s i l v e r ,  s o l d e r ,  

E a g 3  s EMYL,ESILV,ESOLD : cM, E 

ALMTL,ALSLLV,ALSOLD : a&, sag, as 

r e s p ec t i v  e 1- y 

17- 19 CmL, CSILV, CSOLD : s p e c i f i c  h e a t  of Mylar, s i l v e r ,  s o l d e r ,  

r e  spec t i v  e 1 y 
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20-22 

24-35 

36-79 

94-97 

ENVIRO 

Line 

4 

5 

7 - 1 4  

23-28 

TREC - 
Line 

4 

RCMYL,RCSILV,RCSOLD : pc of Mylar,  s i l v e r ,  s o l d e r ,  

r e s p e c t i v e l y  

Assignment of e m i s s i v i t y ,  kd,  pcd t o  d i f f e r e n t  r e g i o n s  

C O C ( I , S >  : (kd) 

R O C ( 1 , J )  : (pcd) 

AKD ( I ,  J )  , BKD (I, J 3 ,  CKD (I, J) DKD (I, J) : (AKD) i, , 

i 3  J 

i , j  

Subrout ine  TREC i s  c a l l e d  t o  o b t a i n  Tr 

Hl(I) i s  l o c a l  convect ive c o e f f i c i e n t  h ( y )  

F(J,K) : f 
j ,k 

ALF(J,K,L) : a 
j , k 3 &  

'3 
j 

BET(J)  : 

AL(J) : 1 

R a d i a t i o n  h e a t  i n p u t  f o r  each f i l m  r e g i o n  

AMFP,VEL,RHO,AMU,TINP : mean f r e e  p a t h ,  v e l o c i t y ,  

d e n s i t y ,  v i s c o s i t y ,  and T of a i r  a t  t h e  a l t i t u d e  ALT. 
(env> 

ALT : a l t i t u d e  

X : d i s t a n c e  from the l e a d i n g  edge 

AKNF : Knudsen number ( r e f e r r e d  t o  p l a t e  l e n g t h )  

REF : Reynolds number 
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a 

. 
10 

11 

1 2  

G.ANDF 

Line  

6 

21-22 

COMPl 

Line  

24-35 

34 

COMP2 

Line  

24-35 

34 

AKNFT : l o c a l  Knudsen number ( r e f e r r e d  t o  'boundary 

l a y e r  t h i ckness  ) 

RFL : l o c a l  recovery  f a c t o r  

'112 : Tr 

SIGM : Stefan-Boltzmann c o n s t a n t  (a) 

QSENS,QSOMD : h e a t  f low from bead and sonde wires 

Gauss.' e l i m i n a t i o n  process  

LJ(I,J) : temporary temperature  d i s t r i b u t i o n  

Gauss' e l i m i n a t i o n  process  

U ( I . , J )  : temporary temperature  d i s t r i b u t i o n  
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GLOSSARY 

A a r e a  of a g r i d  element 

a , b  l i n e a r i z a t i o n  c o e f f i c i e n t s  of T4 a t  Ta : (-3T:), (4T:) .  

C s p e c i f i c  h e a t  of  t he  p l a t e  

d t h i c k n e s s  of t h e  p l a t e  

d 

f , f i ,  geometr ic  f a c t o r  

diameter  of t h e  w i r e  
W 

g 

h 

hl 

h2 

X 
h 

I 

k 

k 

a 

4 

W 

q r  

qr  1 

qr2 

r 

r 

T 

X 

a 

Te 

t o t a l  convec t ion  c o e f f i c i e n t  

convec t ion  c o e f f i c i e n t  

convec t ion  c o e f f i c i e n t ,  " f ront"  s i d e  

convec t ion  c o e f f i c i e n t ,  "back" s i d e  

l o c a l  convec t ion  c o e f f i c i e n t  

r a d i a n t  emi t t ance  

therma 1 c o n d u c t i v i t y  p l a t e  

thermal  c o n d u c t i v i t y ,  w i re  

l eng th  o f  t he  wi re  

h e a t  i n p u t  from a wi re  junc t ion  

h e a t  i n p u t  from r a d i a t i o n  

r a d i a t i o n  i n p u t ,  f r o n t  s i d e  

r a d i a t i o n  i n p u t ,  back s i d e  

recovery  f a c t o r  

l o c a l  recovery  f a c t o r  

l i n e a r i z i n g  temperature  

e q u i l i b r i u m  temperature ,  without  conduct ion 
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4 

recovery  temperature  r T 

T a tmo s p h e r i c  temp e r a  t u r  e 

tempera ture  of t h e  p l a t e  a t  &i-Q)th g r i d  p o i n t  a t  t h e  p th  t i m e  p o i n t  

d e r i v a t i v e  of tempera ture  w i t h  respect t o  t ime 

volume element 

g r i d  s ixe,  l a t e r a l  

g r i d  s i z e ,  l o n g i t u d i n a l  

r a d i a t i o n  a b s o r p t i v i t y  

r a d i a t i o n  a b s o r p t i v i t y  of s i l v e r  

r a d i a t i o n  a b s o r p t i v i t y  of Mylar 

r a d i a t i o n  a b s o r p t i v i t y  of s o l d e r  

r a d i a t i o n  p e r t u r b a t i o n  f a c t o r  

r a d i a t i o n  e m i s s i v i t y  

s i l ve r  r a d i a t i o n  e m i s s i v i t y  

Mylar r a d i a t i o n  e m i s s i v i t y  

s o l d e r  r a d i a t i o n  e m i s s i v i t y  

mass d e n s i t y  of p l a t e  

Stefan-Bo Ltzmann c o n s t a n t  

t i m e  cons t an t  
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